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Abstract 
Mixtures of different types of amines solutions (primary: monethanolamine (MEA), tertiary: methyldiethanolamine (MDEA), 
sterically hindered: 2-amino-2-methyl-1-propanol (AMP) and absorption activators: piperazine (PZ) and (piperazinyl-1)-2-
ethylamine (PZEA)) were experimentally compared with respect to the CO2 removal performances at 25°C and atmospheric 
pressure. The different tests were achieved with a special gas-liquid contactor (cables-bundle contactor) and has also been 
simulated using adequately selected literature data on physico-chemical properties of the CO2-amines systems.  
The different experiments clearly highlighted the positive effect of the addition of an activator (such as PZ and PZEA) or a 
primary amine (MEA) on the absorption performances. Regarding the simulation results, they matched quite satisfactorily the 
experimental values concerning individual amines solutions but a less satisfactory agreement could be observed between 
simulation and experimental results in the case of blended amine solutions.  
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Carbon Capture and Storage (CCS) represents a concrete and technically feasible solution to reduce greenhouse 
gases emissions and especially concentrated carbon dioxide emissions from different industries (power plants, 
cement plants…). Regarding more specifically the CO2 capture, the postcombustion capture technique, using the 
CO2 absorption into aqueous amine based absorbents, is the technology which could be envisaged the more quickly 
at an industrial scale. This paper focuses on this technique which is composed of two stages: the absorption of CO2 
in a first column (generally at about 40°C) and the regeneration of the absorbent in a second one (by heating the 
solution at about 120°C).  Two major criteria must be considered to choose the adequate amine solution: the 
absorption performances (higher with primary and secondary amines) and the energy requirement for the solvent 
regeneration (lower with tertiary and sterically hindered amines). The different types of amines can also be mixed in 
order to combine the specific advantages of each type of amines, an activation phenomenon being observed. 
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This work aimed actually at comparing the CO2 absorption performances into aqueous amine solutions (MEA, 
MDEA, AMP, PZ and PZEA) and their blends. The experimental results were moreover compared with simulated 
ones with a modelling method suited to absorption accompanied by chemical reaction.  
2. Experimental set up and procedure 
The absorption tests have been achieved in an experimental equipment which includes a scrubber, liquid and gas 
supplies, and a gas sampling part, illustrated in Fig. 2 and completely detailed in [1-2]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Experimental apparatus including the gas-liquid contactor: 1. humidification column, 2. flow 
indicator/control, 3. and 4. heat exchangers, 5. liquid distributor, 6. cables-bundle contactor, 7. solution 
tanks, 8. liquid pump, 9. membrane dryers, 10. gas analysis 
 
Table 1. Operating conditions of our absorption tests 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The amine based absorbent is fed to the top distributing chamber thanks to a peristaltic pump and distributed on 
all the vertical yarns contacting continuously and counter-currently the gas.  
The gas phase is composed of nitrogen humidified in a saturator (packed column fed with water), in which CO2 is 
added to obtain the desired concentration (4 - 18 vol. %). The total gas flow rate is metered by a rotameter. 
Sampling of gas simultaneously at the input and the output of the column is performed continuously through 
membrane dryers followed by an IR analyzer giving respectively the molar fractions yCO2,in and yCO2, out allowing to 
calculate the absorption efficiency A of CO2:  
Operating parameter Value 
Pressure (P) 
Temperature (T) 
101.325 kPa 
298.15 K 
Liquid flow rate (L)  
Gas flow rate (G)  
3.18 10
-6
  m³/s 
2.25 10
-4
 m³/s  
CO2 contents (yCO2,in) 4 - 18 %  
Amine            Type 
AMP            Sterically Hindered  
MEA            Primary 
PZ                Cyclical 
PZEA           Cyclical 
MDEA         Tertiary 
Concentration (CAmine) 
15 – 45 wt.% 
5 – 30 wt.% 
5 – 12.5 wt.% 
5 – 10 wt.% 
30 – 50 wt.% 
 
 
 
Different 
mixtures 
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All the experiments were carried out at atmospheric pressure and at a temperature equal to 298.15 K. The 
operating conditions applied in this work were kept constant and are summarized in Table 1. The different types and 
concentration ranges of amine solutions experimented are also presented in Tab. 1. 
3. Modeling of the absorption process 
3.1 Theoretical modeling principles 
 
The CO2 absorption performances of the amine solutions have been simulated using a modeling based on the 
two-film theory for CO2 absorption accompanied by an irreversible chemical reaction between the solute and the 
liquid reactant, CO2 and amine solution respectively. The chemical reaction regime can be slow, moderately fast or 
fast (Hatta number criteria [3]) depending on the liquid phase concentration and the kinetic constant CO2-amine. 
The Hatta number is defined as: 
 
 = /                    (2) 
where k2 [m³/kmol.s] is the kinetic constant of the CO2 reaction with the amine, DCO2/Amine [m²/s] is the diffusion 
coefficient for CO2 in the amine solution, cAmine [kmol/m³] is the molar concentration of amine and kL [m/s] is the 
liquid-phase mass transfer coefficient. 
Considering that the CO2 concentration in the liquid film is virtually nul (cCO2 = 0) due to the rapid reaction 
which proceeds and consumes the solute, the absorption flux RCO2 [kmol/m².s] can be written, as: 
 
 =  − , =  !",                                            (3)  
 
where kG [kmol/m².s.Pa] is the gas-phase mass transfer coefficient,  pCO2 [Pa] is the partial pressure of CO2, and E [-] 
the enhancement factor. 
For the conditions of a high reactivity of CO2 with the amine, which is the case with the amines studied, and an 
amine concentration in the liquid bulk being much greater than the CO2 interfacial concentration, leading to large 
Hatta numbers (3 < Ha < Ei/2 with Ei being the value of E for the instantaneous reaction), the kinetics of the reaction 
becomes pseudo-first order and fast, and the enhancement factor E is almost equal to Ha [3]. Eq. (4) was then used 
to compute the liquid side absorption flux RCO2: 
 =
/
#/ $"%&'(,                       (4) 
 
In relations 3 and 4, pCO2,i [Pa] and cCO2,i [kmol/m³] are respectively the interfacial values of the CO2 partial 
pressure and concentration assuming a Henry’s equilibrium relation (, = /%&'(",) at the gas-liquid 
interface with the Henry’s coefficient  HCO2/Amine [Pa.m³/kmol]. 
           
3.1 Computation of performances for the absorption test runs 
 
By means of a finite difference method, the simulation of the column was made considering small height 
(dh=0.01 m) incremental volumes, the molar fraction of CO2 (yCO2), the amine concentration (cAmine) and the 
absorption flux (RCO2) being centered in these elements. To compute the CO2 partial pressure (molar fraction) and 
the amine concentration in the liquid along the column taking account of the operating fluid flow rates (L and G, 
values given in Table 1), classical steady-state mass balances were used: 
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where I and O refer respectively to the inlet and the outlet of the incremental volume, a [1/m] is the specific 
interfacial area, S [m²] is the section of the contactor and n corresponds to the stoichiometry of the global reaction 
CO2/Amine and is equal to 1 for MDEA, AMP and PZEA, and is equal to 2 for MEA and PZ [6].  
Starting from the top of the contactor (yCO2,out and cAmine,in are given), the program provides finally the CO2 inlet 
molar fraction (yCO2,in), which was compared to the experimental value or in terms of absorption efficiencies (A). It 
is also possible with our program to deduce k2 values for new amine solvents investigated. 
The modelling applied for CO2 absorption into blended amines solutions is substantially similar to the one 
described here above for the pure amine solutions, requiring nevertheless some adaptations relative to the physical 
and chemical properties of blended amines solutions (obtained by applying mixing rules detailed in a previous work 
[2]), and to the kinetic term, obtained by summing the contributions (kinetic constants multiplied by corresponding 
concentrations) of each amine as proposed in the literature [2, 5]. 
A schematic representation of the methodology applied in our work is given in Fig. 2. Physico-chemical 
properties HCO2/Amine and DCO2/Amine have quite similar values in the whole range of cAmine [6, 8, 11, 14, 16]. Kinetic 
data have very different orders of magnitude for each CO2-amines system as illustrated in Table 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Methodology principles 
 
The method used for estimating the mass transfer characteristics of the packing and the different absorption 
parameters needed for the modeling were detailed in our previous works [1-2].  
 
Table 2. Kinetic constants: k2 (m³/kmol.s) of each CO2-amine system at 298.15 K 
4. Experimental and simulated results 
4.1 CO2 absorption results of the single amine solutions 
As highlighted on Fig. 3 where the CO2 absorption efficiencies obtained for single amine solutions and for a CO2 
content in the gas of 10% are compared, there appear important differences between absorption efficiencies relative 
to the different types of amine solutions: very low for a tertiary amine (MDEA), better with a sterically hindered 
amine (AMP) and very good with a primary amine (MEA) or with absorption activators (PZ and PZEA). This 
general observation can be easily linked to the kinetic characteristics of these amine solutions (see Tab. 2). 
AMP MDEA MEA PZ PZEA 
k2 AMP,1  
k2 AMP,2 
1048 [9] 
810 [10] 
12.24 [12] 
 
k2 MEA, 1   
k2 MEA, 2 
8088 [13] 
5938 [19 ] 
k2 PZ,1 
k2 PZ,2 
76000 [15] 
53700 [18] 
24582 [17] 
 
Physico-chemical properties: 
- of each amine: μ - ρ - ν  
- of each CO2-amine system: H - k2 – D 
 
Mass transfer characteristics  
of the packing : 
kLa - kGa - a 
 
Absorption Experimental Data: 
L - G - cAmine - yCO2,in - yCO2,out - T - P 
Asim 
Aexp EXP 
SIMU 
Comparison 
Modeling of absorption 
performances: 
 
- Application of the two-film theory for 
CO2 absorption accompanied by an 
irreversible chemical reaction 
- Use of a finite difference method 
- Computation of CO2 partial pressure 
and amine concentration by steady-state 
mass balances 
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More precisely, the highest CO2 absorption rates are reached with a 10 wt. % piperazine solution, with a factor 
20 higher than the lowest CO2 absorption rates measured with a 30 wt. % MDEA solution. Regarding the absorption 
efficiencies with PZEA and AMP solutions, these are intermediate between the performances measured with MEA 
and MDEA solutions.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Experimental results for single amine solutions (yCO2,in = 10%) 
 
It can also be noted that an increased amine concentration leads obviously to better absorption efficiencies, as 
highlighted on Fig. 3 with the comparison of AMP concentrations of 15, 30 and 45 wt. %, PZEA concentrations of 5 
and 10 wt.%, and MEA concentrations of 15 and 30 wt. %. This increase in absorption efficiencies with the amine 
concentration is due to faster liquid phase reactions and greater Hatta numbers (see relation (2)). 
4.2 Effect of the gas CO2 content (yCO2,in) on the CO2 absorption results of the single amine solutions 
 Depending on the industrial facility (power plant, cement plant, refinery or others), the flue gas CO2 content is 
variable (generally between 5% and 20%). It was then important to test the different amine solutions (previously 
experimented with a CO2 gas content of 10%) with a varying CO2 content in the gas. 
 
  
 
 
 
 
 
 
 
 
 
 
Figure 4. For MEA 30%, AMP 15% and PZ 10%: (a) effect of yCO2,in on the CO2 absorption performances and on 
the amine consumption ; (b) variation of the relative decrease of absorption efficiencies with the amine 
consumption 
 
A decreasing absorption efficiency can be generally observed as the CO2 molar concentration in the gas phase is 
increased (approximately from 5 to 15%) as illustrated on Fig. 4 (a) for MEA 30%, AMP 15% and an absorption 
activator (PZ 10%). This decrease of absorption efficiencies can be linked to an increased amine consumption with 
yCO2,in (see Fig. 4 (a)) which slightly decelerates the absorption process.  
This variation could also be quantified in terms of a “relative decrease” ((AyCO2,in=5%-AyCO2,in=15%)/AyCO2,in=5%) to 
maximum 7.5% (MEA 30%), 8.7% (PZ 10%) and 22% (AMP 15%) as illustrated on Fig. 4 (b).  
As we can see on Fig. 4 (b), even if the amine consumption is bigger with PZ 10% than the other amines, the 
effect on the absorption performances is lesser due to the high kinetic rate of PZ with CO2. The opposite observation 
can be done for AMP 15%, with a smaller amine consumption but leading to a bigger decrease in absorption 
efficiencies because of the slower kinetic of the absorption-reaction process.  
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The effect of the gas CO2 content on the absorption performances measured with a solvent being not negligible, 
this parameter must be taken into account in the solvent screening step.  
4.3 CO2 absorption results of the various MDEA activated solutions 
For CO2 absorption into aqueous blended amines solutions, and especially when another amine solution is added 
to a MDEA (30%) aqueous solution, Fig. 5 illustrates that the CO2 absorption rates can be substantially increased, 
this phenomenon being generally defined as “activation phenomenon”. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Experimental results for blended amine solutions in the case of MDEA 30% activation (yCO2,in = 10%) 
 
To compare and quantify this positive activation effect, the “activation ratio” (AR) of each activator is estimated 
and illustrated on Fig. 6 (AR=(AMDEA+Activator – AMDEA) / AMDEA) . 
From a general point of view, the PZ based activators (alone in aqueous solutions or blended with MEA) give a 
higher activation effect than MEA or PZEA. In the case of AMP, the AR being clearly lower than with the other 
activator, the activation phenomenon seemed to be limited in the absorption-reaction process.   
 
 
 
 
 
 
  
 
 
 
 
 
Figure 6. Activation ratio of different MDEA 30% activators. (yCO2,in = 10%) 
 
4.4 Comparison between experimental and simulated results 
 
The simulation process previously detailed provides absorption efficiencies which can be compared to the 
experimental ones by using adequate data and method. This comparison is presented on Fig. 7 (a).  
The experimental and simulated results are concordant in the case of individual aqueous amines solutions, this 
concordance being slightly lower with PZEA 10%. A less satisfactory agreement can be observed between 
simulation and experimental results for the aqueous blended amines solutions. This can be linked to the mixing rules 
used in the simulation (requiring further measurements of the physico-chemical properties) but also to the activation 
phenomenon which takes place. Indeed, in the case of MDEA 30 wt. % and AMP 15 wt. % solution, for which the 
AR is quite low (see Fig. 6), experimental results are in better concordance with the simulated ones than for the 
other blends. 
Improvements have to be envisaged to model the CO2 absorption into amines mixtures, especially by taking 
account of the various reactions taking place during the activation phenomenon [20]. Nevertheless, as illustrated on 
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Fig. 7 (b) for the case of AMP, MEA and PZ solutions, the obvious dependence on the choice of the kinetic constant 
has to be noted: a lower kinetic constant leads to reduced simulated absorption rates. 
 
 
 
 
 
 
 
 
 
 
 
 
4.5 Kinetic constants determination 
As highlighted by Versteeg et al. (1988) [6] for the case of primary and secondary alkanolamines, and by Derks 
et al. (2006) [15] for cyclical amines, a Brønsted relationship (linear) exists between the kinetic constant of the CO2-
amine reaction (rate determining step) and the basic strength (pKa) of the amine solution, as illustrated on Fig. 8. 
Such a relationship is very useful for solvent screening because it means that kinetic rates can be predicted from 
equilibrium data. 
The pKa values of the different amine solutions have been determined at 298.15 K with the use of HCl 1 M 
titration and methyl orange as indicator. The k2 values have been calculated (at the same temperature) from our 
absorption test runs with a least squares method by minimizing the sum of the squared residuals (defined as the 
difference between the experimental values and the model values of the absorption efficiencies) for the different 
amine concentrations experimented: 
 678 ∑(:; − <&²                                 (6) 
 
 
Table 3. Experimentally determined kinetic 
constants and pKa values at 298.15 K 
 
 
 
 
 
 
 
 
 
Figure 8. Brønsted plot for single amine solutions (298.15 K) 
 
In order to validate our methodology for kinetic constant determination, experimentally determined k2 and pKa 
values (see Tab. 3 for the data obtained at 298.15 K) are presented on Fig. 8 and compared with the Brønsted 
relationships previously published: 
- Versteeg et al. (1988) [6] for the primary/secondary alkanolamines: ln(>) = ? + 17.60 − FGHH4            (7) 
- Versteeg et al. (1988) [6] for the tertiary alkanolamines: ln(>) = 1.3 ? + 11.48 − H>FL4                             (8) 
Amine k2 (m³/kmol s) pKa 
AMP 700 10.00 
MDEA 8.34 8.90 
MEA 8653 9.60 
PZ 70162 9.80 
PZEA 34000 9.63 
Figure 7. For different yCO2,in between 5 and 15%: (a) comparison between experimental results and simulated ones 
(with k2 Amine, 1) ; (b) effect of the kinetic constant on the simulated results 
0
10
20
30
40
50
0 10 20 30 40 50
A s
im
[%
]
Aexp [%]
PZ 10% (k₂ ᴘz,₁)
PZ 10% (k₂ ᴘz,₂)
MEA 30% (k₂ ᴍᴇᴀ,₁)
MEA 30% (k₂ ᴍᴇᴀ,₂)
AMP 30% (k₂ ᴀᴍᴘ,₁)
AMP 30% (k₂ ᴀᴍᴘ,₂)
→ - 10%
(a) (b) 
L. Dubois, D. Thomas / Energy Procedia 4 (2011) 1353–1360 1359
8 L. Dubois and D. Thomas/ Energy Procedia 00 (2010) 000–000 
- Derks et al. (2006) [15] for the cyclical amine (PZ related molecules) at 298.15 K: ln(>) = ? − 6           (9) 
As we can see on Fig. 8, all our experimental values are very close to the related Brønsted laws. In the case of 
sterically hindered amine (AMP), no “Brønsted relationship” has been found in the literature. 
This methodology can then be envisaged for further studies, for example in order to determine a “Brønsted 
type” law for the case of sterically hindered amines, or to determine kinetic constants for novel amine solvents 
whose kinetic rates have never been determined. 
5. Conclusions and perspectives 
The CO2 absorption both into simple and mixed-amine based absorbents was studied in the present work. The 
absorption test runs were achieved at 25°C in a laboratory cables-bundle scrubber. The purpose of this study was to 
compare CO2 absorption performances for different types of amines solutions: MEA, MDEA, AMP, PZ and PZEA, 
simple and blended. The different absorption tests were also simulated by application of the two-film theory for CO2 
absorption accompanied by an irreversible chemical reaction in the amines solution. 
The different absorption experiments clearly highlighted the very positive effect of an activator on the absorption 
performances and particularly with PZ. A gradual increase in the CO2 absorption efficiencies can be reached by 
mixing different types of amines: tertiary (MDEA) or sterically hindered amine (AMP) with an activator (PZ, 
PZEA) or a primary amine (MEA). 
Regarding the simulation, it was found to match quite satisfactorily the experimental values relative to individual 
amine solutions, validating the kinetic and physico-chemical properties used. Nevertheless, in the case of blended 
amine solutions, improvements are necessary in order to take the activation effect into account, leading certainly to 
adequately simulate the CO2 absorption into amines mixtures. 
Absorption and regeneration tests in a laboratory micro-pilot coupling two columns, will be considered as short-
term perspectives for the best amines mixtures preliminarily screened, in order to take account of the regeneration 
performances of the solvents.  
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